We analyzed the Kepler light curves of four transiting hot-Jupiter systems -KOI-13, HAT-P-7, TrES-2 and Kepler-76, which show BEaming, Ellipsoidal and Reflection (BEER) phase modulations. The mass of the four planets can be estimated from either the beaming or the ellipsoidal amplitude, given the mass and radii of their parent stars. For all four systems, we find that the beaming-based planetary-mass estimate is larger than the mass estimated from the ellipsoidal amplitude, consistent with previous studies for three of these systems -KOI-13, TrES-2 and Kepler-76. We suggest the apparent discrepancy is due to superrotation, first observed for HD 189733b in the infrared. Superrotation of a tidallylocked hot-Jupiter involves an eastward displacement of the planet hot spot from the substellar point, probably due to winds in the planetary atmosphere, an effect that induces an angle shift of the planet reflection/emission phase modulation. In our analysis this angle shift "leaks" into the beaming modulation, artificially increasing its amplitude. Therefore, the mass derived from the beaming amplitude is larger than the real one. We propose a modified BEER model that includes superrotation and provides a photometry-consistent estimate of the planetary mass. Our analysis shows that the new superrotation BEER model fits the data better than a zero phase-shift null model for KOI-13, HAT-P-7, TrES-2 and Kepler-76. The new model mass estimates are in excellent agreement with the planetary masses derived from radial-velocity measurements, available for HAT-P-7, TrES-2 and Kepler-76. This makes the superrotation BEER model a viable tool for estimating the masses of hot-Jupiters from the photometric BEER modulations alone. We conclude that hot-Jupiter superrotation may be a common phenomena that can be detected in the Kepler light curves of planets that show significant BEER phase modulations. 
Introduction
The Kepler space telescope have produced more than 150, 000 nearly uninterrupted high precision light curves (Koch et al. 2010 ) that enable detection of minute astrophysical effects. As of June 2014, analysis of these light curves yielded the discovery of more than 4200 planetary candidates through detection by the transit method, of which more than 900 have been verified as planets by various methods (Exoplanet Encyclopaedia 2014;
Kepler Exoplanet Archive 2014). For such transiting planets, the orbital period, inclination and the radii of the star and planet, relative to the semi-major axis, are directly measurable through analysis of the transit shape (Seager & Mallén-Ornelas 2003) . Yet, there are additional astrophysical effects that produce flux variations along the orbital phase of a star-planet system, which depend on, and thus probe, additional properties of the planet.
Such out-of-transit phase modulations are the result of three main stellar and planetary effects: BEaming, Ellipsoidal and Reflection (BEER). The beaming effect, sometimes called Doppler boosting, causes an increase (decrease) of the brightness of any light source approaching (receding from) the observer (Rybicki & Lightman 1979) , with amplitude proportional the radial velocity (RV) of the source. Therefore, the stellar RV modulation due to a circular-orbit planet will produce a sine like beaming phase modulation at the orbital period, assuming mid-transit is defined as the phase zero point. The ellipsoidal effect (Morris 1985 ) is due to the tidal distortion of the star by the gravity of the planet (e.g., Loeb & Gaudi 2003; Zucker, Mazeh & Alexander 2007; Mazeh 2008) , resulting in a cosine like phase modulation at half the orbital period, for a circular-orbit planet under the same phase zero definition. The amplitudes of the beaming and the ellipsoidal modulations for a transiting planet are both proportional to the planet mass, that can not be probed by the transit method, thus providing an important insight into the planet composition.
The reflection/emission variation, on the other hand, is a result of the light scattered off the planet day side combined with light absorbed and later thermally re-emitted by the planet atmosphere at different wavelengths (Vaz 1985; Wilson 1990; Maxted et al. 2002; Harrison et al. 2003; For et al. 2010; Reed et al. 2010 ). This effect probes properties associated with the planet atmosphere response to its host-star radiation, such as the Bond albedo, scattered light geometric albedo, and heat redistribution parameters, among others.
The reflection/emission phase modulation is expected to behave approximately as a cosine wave at the orbital period, assuming a circular orbit with no heat redistribution.
Assuming that the beaming, reflection, and ellipsoidal effects modulate as sine and cosine at the orbital period, and cosine at half the orbital period, respectively, means that their functions are orthogonal along the orbital phase, thus enabling measuring each of the effects amplitudes without interference from the other effects. As a result, the mass of a transiting planet can be independently estimated by either the beaming or the ellipsoidal amplitudes. Several authors followed this path for estimating the mass of a few transiting planets, resulting in disturbing disagreements between the planetary mass values derived from the amplitudes of the two effects Shporer et al. 2011; Barclay et al. 2012; Faigler et al. 2013) . Interestingly, in all these cases, the mass derived from the beaming amplitude was significantly higher than the ellipsoidal derived mass. In addition, RV measurements, available for HAT-P-7, TrES-2 and Kepler-76 (Winn et al. 2009; O'Donovan et al. 2006; Faigler et al. 2013) , show spectroscopic RV amplitudes that are significantly smaller than the beaming derived RV ones, pointing to puzzling inflated beaming amplitudes. Faigler et al. (2013) suggested that the inflated photometric beaming amplitude of Kepler-76 may be the result of a phase shift of the reflection signal, due to the superrotation phenomenon. Showman & Guillot (2002) predicted through a 3D atmospheric circulation model that tidally-locked, short period planets develop a fast eastward, or superrotating, equatorial jet streams that in some cases displace the hottest regions by 10
• −60
• longitude from the substellar point, resulting in a phase shift of the thermal emission phase curve of the planet. This prediction was confirmed by Knutson et al. (2007 Knutson et al. ( , 2009 Section 2 presents the basic BEER model of a transiting planet assuming either geometric or Lambertian reflection/emission phase function, Section 3 presents the superrotation BEER model, which models also the superrotation-induced phase shift of the reflection/emission modulation, Section 4 describes the analysis of the Kepler light curves of KOI-13, HAT-P-7, TrES-2 and Kepler-76, Section 5 lists the parameters of the systems from the literature used in this paper and describes how additional stellar and planetary parameters were derived from them, Section 6 presents the results of the superrotation BEER model for the four systems, Section 7 discusses the relation between the Kepler-band derived phase shift and the thermal emission phase shift, and Section 8 summarizes and discusses the findings of this paper.
The basic BEER model of a transiting planet
We start with modeling the phase modulation of a circular-orbit transiting planet. For such a planet we define the BEER model as a modification to the method described by Faigler & Mazeh (2011) . First we define the orbital phase as
where P orb is the orbital period and T 0 is the mid-transit time. We then calculate, using robust linear fit (Holland & Welsch 1977) , the first 5 Fourier series coefficients of the cleaned and detrended light curve (Mazeh & Faigler 2010) ,
where the signs are defined so that the coefficients are expected to be positive, though the fit can result in any sign for them.
In our approximation we express the relative flux modulation of the system due to a circular orbit planet, as a result of the BEER effects, as
where a 0 is the relative flux zero-point, i is the orbital inclination angle, z is the star-planet-observer angle, Φ (z) is the reflection/thermal emission phase function and , it is only a simplifying assumption to use for both the same phase function Φ (z).
The reflection/emission phase function depends on the z angle, defined as the star-planet-observer angle, which is related to the φ phase through
where throughout this discussion we ignore constant terms which are not phase dependent, as these add up to the total flux and are not measurable from the data.
A possible choice for the phase function is the geometric reflection function which assumes that the received flux is proportional to the projected area on the sky plane of the illuminated half sphere of the planet, as seen by the observer. Following a notation similar to Mislis et al. (2012) , the geometric reflection phase function is
Under this definition of the phase function, the BEER amplitudes (Equation 3) are directly related to the Fourier coefficients measured from the light curve (Equation 2) through
It is more common, however, to model the planet as a Lambert sphere (Lambert 1760; Russell 1916) , which assumes that the planet surface is an ideal diffuse reflector, i.e. of equal reflection to all directions in the half-sphere facing the surface, regardless of the incident light direction. The resulting Lambertian reflection phase function is
where we have defined Φ geo and Φ Lam with the same peak-to-peak amplitude. Evaluating the Fourier series expansion of Φ Lam , we realize that for all integer n the sin nz coefficients equal zero, as this function is symmetric about the z = 0 point. Therefore expanding with the cosine functions we get
Ignoring all harmonies higher than cos 2z provides accuracy better than 1%, which gives, after translating from the z angle to the φ angle,
The resulting Φ Lam form shows that geometric reflection is simply a first harmony approximation of Lambertian reflection and that Lambertian reflection has a cosine component in the second harmony. Next, from Equations 3 and 10 we get
which enables deriving the relations between the BEER amplitudes and the measured Fourier coefficients, resulting in
We see and Lambertian reflection, representing half the peak-to-peak variation of the reflection effect in both cases. On the other hand, as demonstrated by Mislis et al. (2012) , the Lambertian reflection assumption results in a larger ellipsoidal semi-amplitude A ellip,Lam , relative to A ellip,geo in the geometric case. In this paper we consider the two alternative ellipsoidal semi-amplitudes using Equations 7 and 12.
Inflated beaming amplitude and the superrotation BEER model
For transiting planets the orbital period P orb , inclination angle i, and the primary radius to orbital semi-major axis ratio, R * /a, are directly measurable from the light curve.
When combined with a stellar model for the primary mass, M * , and the effect coefficients α beam and α ellip , which also depend on the stellar parameters, the planetary mass can be estimated independently either from the beaming amplitude or the ellipsoidal amplitude, using Equation 4. Such a derivation was performed by Mazeh et al. (2012) , Barclay et al. (2012) and Faigler et al. (2013) for KOI-13b, TrES-2b and Kepler-76b, respectively. In all three cases the beaming-derived planetary-mass estimate was significantly higher than the ellipsoidal derived estimate. Furthermore, since the beaming effect is a direct consequence of the RV modulation of the primary, the RV semi-amplitude can be estimated directly from the beaming semi-amplitude. For TrES-2 and Kepler-76, Barclay et al. (2012) and Faigler et al. (2013) , respectively, showed that the beaming derived RV semi-amplitude K beam is significantly higher than the spectroscopically measured RV semi-amplitude K RV , indicating an inflated beaming amplitude.
We propose that the photometric beaming amplitude is apparently inflated as a result of a phase shift of the reflection/emission modulation, due to equatorial superrotation of the hot-Jupiter companion, as was suggested by Faigler et al. (2013) for Kepler-76. By using a 3D atmospheric circulation model, Showman & Guillot (2002) predicted that short period tidally locked planets develop a fast eastward, or superrotating, jet stream that extends from the equator to latitudes of typically 20
• . They showed that in some cases (depending on the imposed stellar heating and other factors) this jet causes an eastward displacement of the planet hottest regions by 10 • −60
• longitude from the substellar point, resulting in a phase shift of the thermal emission phase curve of the planet. This prediction was confirmed by Knutson et al. (2007 Knutson et al. ( , 2009 band.
In general, what we call a reflection modulation is actually a combination of light scattered off the planet, with radiation absorbed and later thermally re-emitted at different wavelengths. The two processes are controlled by the Bond albedo, 0 < A B < 1, and the day-night heat redistribution efficiency, 0 < ǫ < 1, which can be constrained only if observations of the phase modulation or the secondary eclipse are available in different wavelengths (Cowan & Agol 2011) , making it impossible to distinguish between reflected and re-radiated photons from the single band Kepler light curve we have in hand. This is important for the current discussion as we expect superrotation to shift only the thermal re-emission, while leaving the scattered light component unshifted. To estimate the maximum fraction of the reflection amplitude originating from thermal re-emission, we estimate, following Cowan & Agol (2011) , the no albedo, no redistribution, effective day side temperature T ǫ=0 , which translates in the Kepler band to the maximum emission amplitude
, both listed in Table 3 for the four systems. For the discussed systems the measured reflection/emission amplitude is smaller than, or similar to, the maximum thermal emission amplitude, suggesting that the fraction of thermal emission in the visual Kepler light curve phase modulation may be significant. This in turn indicates that significant superrotation phase shift may be present in the Kepler light curve phase modulation, if the planet hottest region is indeed shifted.
We suggest here that if such a phase shift is present in the Kepler light curve, it will show up in our BEER phase curve analysis mainly as an apparently inflated beaming amplitude. To account for superrotation in our analysis we adopt a simplistic model for results for geometric reflection 
Photometric analysis
We analyzed the Kepler long-cadence PDC light curves of the Q2 to Q16 quarters, spanning 1302 days, for KOI-13, HAT-P-7, TrES-2 and Kepler-76. The PDC data was first cleaned and detrended following the methods describe by Mazeh & Faigler (2010) and Faigler et al. (2013) . We then fitted the data using Equation 2 and derived the first 5 Fourier coefficients, while masking out data points in or around the transits and occultations. We have put special attention in the fitting process for deriving realistic uncertainties for the Fourier coefficients. To do that we performed the fitting for each
Kepler quarter separately and we report the best-fit coefficient as a = median{a q }, where {a q } are the fit results over the Kepler quarters. Next, we estimated the uncertainty from the scatter of {a q }, using a modification to the Median Absolute Deviation (MAD) method, 253 , where N q is the number of Kepler quarters for which data are available. This calculation should result in uncertainties similar to linear fitting for uncorrelated Gaussian noise, while providing more realistic uncertainties for correlated noise. Indeed, our reported uncertainties are usually larger than those reported by other authors for the same quantities, but we feel that they better capture the uncertainty embedded in the data. For TrES-2 we also quote the coefficients derived by Barclay et al. (2012) , that analyzed the short-cadence Kepler PDC-MAP light curves of Quarters 0-11 spanning 978 days, after adaptation to this paper conventions. For KOI-13 we used a third light factor of 1.82 that was estimated by Szabó et al. (2011) , while for the other systems we used the Kepler Input Catalog (KIC) third light estimates. The fitted and quoted Fourier coefficients of the first two orbital-period harmonies, after correction for third light, are listed in Table 2 . System ↓ (−a 1c ) (a 1s ) (−a 2c ) (−a 2s ) KOI-13 −71.0 ± 0.7 8.2 ± 0.7 −55.9 ± 0.8 −2.0 ± 1.1 ppm HAT-P-7 −32.2 ± 0.9 6.6 ± 1.1 −14.8 ± 1.2 −0.4 ± 0.6 ppm For KOI-13 we used the transit derived parameters from Barnes et al. (2011) , that successfully modeled the asymmetry of the KOI-13 transit light curve assuming a gravity-darkened rapidly rotating host star in order to constrain the system's spin-orbit alignment and transit parameters. For HAT-P-7 we used the transit derived parameters from Welsh et al. (2010) . For TrES-2 we used the transit derived parameters from Barclay et al. (2012) , and for Kepler-76 we used the parameters derived by Faigler et al. (2013) . 
Results
We are now in a position to estimate the planetary mass assuming the different models and compare it to the mass estimate derived from the RV semi-amplitude M p,RV . For the unshifted geometric/Lambert reflection models, the beaming/ellipsoidal based mass estimates can be derived directly from their respective semi-amplitudes using Equation 4, show that the superrotation models yield better fits to the data, relative to the unshifted null models, with good confidence levels, which are listed in the table. The table also lists the phase-shift angles and reflection coefficients resulting from the superrotation BEER models. In all cases the resulting superrotation phase shift angle is small and well within the theoretical limit of 60
• predicted by Showman & Guillot (2002) . Also, for HAT-P-7, TrES-2 and Kepler-76 the mass estimate derived from the Lambert superrotation BEER model is within the 1σ range of the RV measured planetary mass, indicating that assuming Lambert superrotation resolves the inconsistency and provides a good photometric estimate for the planet mass, derived solely from the Kepler photometry, given a good stellar model.
The χ 2 -tests are valid in these cases as we assume that our measured amplitudes uncertainties are well estimated (see Section 4). To verify this claim we also fitted the same BEER models to the out-of-transit data points and calculated the F-test confidence levels of the fits. For KOI-13, HAT-P-7 and Kepler-76 the F-test confidence levels were better than the χ 2 -test confidence levels, both indicating a significantly better fit to the data for the superrotation models. For TrES-2 our measured amplitudes are comparable to the ones measured by Barclay et al. (2012) with about twice the uncertainties, but the fits to the data points did not produce significant F-test confidence levels for the superrotation models, probably due to the different data and analysis we use compared to Barclay et al. (2012) .
In view of this result we render the detection of superrotation of TrES-2b as marginal. Figure 1 presents the cleaned and detrended data points, folded at the orbital period and grouped into 50 phase bins, and the best-fit Lambert superrotation models of the systems. The figure also shows the shifted Lambert reflection/emission, beaming and ellipsoidal models, and marks the phase of the maximum reflection/emission modulation, that deviates from 0.5 due to the superrotation phase shift. Note, however, that the model fitting was performed on the derived Fourier coefficients and not directly on the data points. The folded and binned light curve data are plotted here for illustrating the periodic modulation. 
The superrotation phase-shift
The Kepler band reflection/emission modulation is a combination of light scattered off the planet surface (reflection), together with radiation absorbed and later thermally re-emitted (emission). This point is important, as we expect superrotation to shift only the thermal re-emission, while leaving the scattered light component unshifted. As a result, the superrotation phase shift that we derive in the Kepler band can serve only as a lower limit for the emission phase shift, while its actual value depends on the ratio The black markers show the expected system position on each plot for several day-side temperature values, assuming black-body emission from the day side and a dark night side.
T ǫ=0 is the no albedo, no redistribution, effective day-side temperature listed in Table 3 .
Summary and discussion
Several authors detected inconsistencies between the planetary mass derived from the beaming amplitude, and those derived from the ellipsoidal amplitude for three transiting hot Jupiters: KOI-13b, TrES-2b and Kepler-76b Shporer et al. 2011; Barclay et al. 2012; Faigler et al. 2013 ). In addition, RV measurements, available for HAT-P-7, TrES-2 and Kepler-76 (Winn et al. 2009; O'Donovan et al. 2006; Faigler et al. 2013 ), show spectroscopic RV amplitudes that are significantly smaller than the beaming derived RV ones, pointing to inflated beaming amplitudes. We suggest here that these inconsistencies can be explained by a phase shift of the reflection/emission modulation due to the hot Jupiter superrotation phenomenon predicted by Showman & Guillot (2002) and later observed by Knutson et al. (2007 Knutson et al. ( , 2009 The resulting superrotation BEER model approximations are summarizes in Table 1 and   Equation 4 .
Next, we derived the Fourier coefficients of the first two orbital-period harmonies, from the long cadence Kepler light curves of KOI-13, HAT-P-7 and Kepler-76. For TrES-2 we used the coefficients derived by Barclay et al. (2012) , that used the short cadence Kepler light curves of this star. The derived Fourier coefficients of the four systems are summarized in Table 2 .
We then fitted the derived coefficients, using the system parameters from literature (Table 3) Table 4 .
In the four cases χ 2 -tests show that the superrotation BEER model yields better fits to the data, relative to the unshifted null model, with good confidence levels, which are listed in the table. Furthermore, for HAT-P-7, TrES-2 and Kepler-76 the planet mass estimate derived from the Lambert superrotation BEER model is within the 1σ range of the RV measured planetary mass, suggesting that the Lambertian superrotation assumption provides a good photometric estimate for the planet mass, given a good stellar model.
Initially, the phase-shifted emission modulation was identified in the Kepler band due to its "leakage" into the a 1s coefficient, resulting in an apparently inflated beaming amplitude. It is interesting to check the dependence of this "leakage" phenomenon on the planetary parameters of the system. Using the relations in Table 1 , the relative addition to the A beam amplitude, due to phase-shifted emission, is
while the right-hand side of the equation results from Eqs 4. Considering that over the secondaries-mass range of 1 − 100M Jup , covering Jupiters to late M dwarfs, the radius remains almost unchanged at about 1R Jup , the dependence above suggests that the relative inflation of the beaming amplitude is at maximum at the 1M Jup end of the range.
Adding to that the P orb dependence, we conclude that close-in, hot Jupiters, are expected to show the most apparent inflated beaming amplitude. It is then not a surprise that this phenomenon was initially discovered in hot Jupiters, and is in agreement with the phase-shifted reflection/emission modulations of the four hot Jupiters reported in this paper.
